Fowke, Sawhney, & Low, 1996; Davis, Pylatuik, Paradis, & Low, 1998; Davis, Sawhney, Fowke, & Low, 1995) , whereas tobacco and squash (Cucurbita pepo) produce nectar rich in sucrose (Nepi, Guarnieri, & Pacini, 2001) . Squash flowers are hemitropous (Dmitruk & Weryszko-Chmielewska, 2013) with the nectaries hidden but still accessible to pollinators. C. pepo is a monoecious species that produces both staminate and pistillate flowers, which both secrete nectar. Nectar secretion begins at around dawn and lasts nearly 6 hr (Nepi et al., 2001) . Male and female flowers in C. pepo differ in the timing of nectar secretion, with male flowers increasing nectar secretion until ~3 hr post flower opening before leveling off, whereas in female flowers nectar levels continue to increase throughout the morning and until the flowers start to close (at ~6 hr post-opening) (Nepi et al., 2001) . It is likely that the difference in timing has biological significance as the reproductive success of a plant depends on the sequential visitation of pollinators to male flowers first to receive pollen before visiting female flowers for pollination. Also, on average female flowers produce more nectar, and it contains higher sugar content than the nectar produced by male flowers (Nepi et al., 2001 ). Nectar levels in both flower types decrease drastically by 6 hr post secretion, suggesting that some resorption of nectar occurs (Nepi et al., 2001) .
Nectar secretion involves a number of steps that are intricately regulated in order to maximize pollination while not wasting resources (Heil, 2011; Pleasants & Chaplin, 1983) . Floral nectaries in most species are non-photosynthetic sink tissues that depend on photosynthate (e.g., sucrose) and other "pre-nectar" components to be delivered via the vasculature, and these are often stored prior to secretion (Heil, 2011; Nepi & Stpiczynska, 2008; Pacini & Nepi, 2007) . For example, high levels of starch accumulation in the parenchyma of immature nectaries (before secretion) has been reported for many flowering species (Lin et al., 2014; Peng, Li, Hao, Xu, & Bai, 2004; Ren, Healy, Horner, Martha, & Thornburg, 2007; Ren, Healy, Klyne, et al., 2007) . This starch is absent from nectary tissues during and after secretion (Peng et al., 2004; Ren, Healy, Klyne, et al., 2007; Zhu, Hu, & Müller, 1997) , suggesting nectary starch may serve as a temporary carbon store to facilitate fast production of soluble sugars for nectar secretion. While starch accumulation and degradation are strongly correlated to nectar secretion in diverse plant species, the specific genes, proteins, and metabolites that are involved in this process have had limited study and only in Nicotiana spp. Ren, Healy, Klyne, et al., 2007) .
After starch degradation, there is a well-supported model for nectar synthesis and secretion in Arabidopsis (Lin et al., 2014; Roy, Schmitt, Thomas, & Carter, 2017) . Specifically, starch breakdown products (chiefly maltose and hexose-phosphates) are first assembled into sucrose by the action of sucrose-phosphate synthases (SPS) and sucrose-phosphate phosphatases, among other enzymes, whereupon the sucrose is exported from the nectary cells in a concentration-dependent manner via the uniporter SWEET9.
In some species that generate hexose-rich nectars, the exported sucrose may be hydrolyzed into glucose and fructose by cell wall invertases (CWINV) . Evidence for this model of nectar secretion is based on biochemical analyses (Liu & Thornburg, 2012; Ren, Healy, Klyne, et al., 2007) , in combination with the fact that genetic ablation of sucrose synthesis, export or extracellular hydrolysis all impair nectar secretion in Arabidopsis and/ or tobacco (Lin et al., 2014; Ruhlmann, Kram, & Carter, 2010) .
Additionally, several aspects of hormonal and transcriptional control of nectary functions have been studied in Arabidopsis and other species Heil et al., 2001; Liu, Ren, Guirgis, & Thornburg, 2009; Liu & Thornburg, 2012; Radhika, Kost, Boland, & Heil, 2010; Wang, Liu, Niu, Timko, & Zhang, 2014) .
However, a majority of studies, particularly in Arabidopsis, have largely been dependent on genetic strategies, and biochemical confirmation of the conclusions have been hampered by the small size of Arabidopsis flowers and small amounts of nectar produced by these flowers. In contrast, plants in the Cucurbita genus, such as C. pepo, develop much larger flowers and produce >100-fold more nectar per flower than Arabidopsis, and thus are more amenable to biochemical studies on nectar production [e.g., (Chatt et al., 2018; Nepi, Pacini, & Willemse, 1996; Nepi et al., 2001 Nepi et al., , 2012 ].
Here, we expand the potential utility of C. pepo and related cucurbits as models to pursue physiological, genetic, and biochemical studies of nectar production through transcriptomic and metabolomics analyses of nectaries and nectar through the process of maturation. Subsequent experiments placed genes, pathways, and metabolites in a physiological context. This report represents an important step in improving our understanding of cucurbit nectary biology.
| ME THODS

| Plant growth, tissue collection, RNA isolation and sequencing
Cucurbita pepo (Crookneck Yellow Squash) plants were grown on Sun Gro LC8 soil under a 16 hr day/8 hr night cycle, photosynthetic photon flux of 250 μmol m −2 s −1 at leaf level, and a temperature of ~23°C. Four types of RNA samples were separately prepared from manually collected nectaries of both male and female squash flowers, including: "pre-secretory #1" (24 hr prior to anthesis/nectar secretion), "pre-secretory #2" (15 hr prior to anthesis/nectar secretion), "secretory" (full anthesis, 2-3 hr after dawn), and "postsecretory" (9 hr after the "secretory" stage). All nectary tissues were manually dissected by hand with the RNA being immediately extracted by mechanical disruption with a microcentrifuge pestle and using an RNAqueous ® RNA isolation kit (Ambion, Austin, TX, USA) with Plant RNA Isolation Aid (Ambion). Agarose gel electrophoresis and UV spectrophotometry were used to assess RNA quality for all samples prior to submission to the University of Minnesota Genomics Center for mRNA isolation, barcoded library creation and Illumina HiSeq 2500 sequencing. Twenty-three TruSeq RNA v2 libraries were created (triplicate samples for male and female nectaries at four timepoints each, except for only duplicate samples of female "pre-secretory #2" nectaries) and sequenced via 50 bp, paired-end runs on the HiSeq 2500 using Rapid chemistry. All libraries were pooled and sequenced across two full lanes. This generated over 240 M reads for each lane and the average quality scores were above Q30.
| Informatic analyses
The sequenced reads from nectary samples were assembled separately using Trinity (Grabherr et al., 2011) , which automatically takes read quality and consistency into account, and yielded 70,111 contigs. This contig set was mapped to both the Cucumis melo, Cucurbita pepo and Arabidopsis thaliana genomes by NCBI's blastn (Altschul et al., 1990) , with an E-value cutoff of 0.00001, and the counts upper-quartile normalized. C. pepo orthologs to C. melo genes were determined via blastn with an E-value cutoff of 0.00001. Normalized counts were fitted to a negative binomial distribution using DESeq v1.6.1 (Anders & Huber, 2010) . The resulting p-values from DESeq were filtered by restricting to contigs with a 50% or greater change in mean expression between nectary stages. The Benjamini-Hochberg method was used to control the false discovery rate of contigs determined to be differentially expressed to 0.05 (Benjamini & Hochberg, 1995 
| Data availability
Raw sequence reads are available at the National Center for Biotechnology Information Sequence Read Archive under GEO accession number GSE111695.
| Real time RT-PCR (RNAseq validation)
The same RNA samples used for sequencing were also subjected to cDNA preparation using the Promega GoScript Reverse Transcription System (Catalog # A5000), with 5 μg of RNA used for cDNA prepa- Table S1 .
| Lugol staining
Male and female squash flowers were bisected longitudinally with a scalpel. The flower halves were dipped in 0.05 molar iodine/potassium iodide stain (Fischer Scientific Cat#S93408) for 60 s. They were subsequently washed twice for 2 min each in 50 ml of water to remove excess stain and imaged using a dissecting microscope. Care was taken not to have an air bubble trapped in the nectary cup as the flower was dipped in the lugol solution.
| Quantitative starch assay
Total starch was quantitatively determined using the Megazyme Total Starch Assay Kit Analysis (Megazyme, Cat# K-TSTA). Samples were ground in 0.25 ml of 80% ethanol, then an additional 0.25 ml of 80% ethanol was added. Samples were incubated at 80°C for 5 min in order to remove soluble sugars and maltodextrins. Samples were centrifuged for 10 min at 1,800 g and supernatants were removed.
The samples were resuspended in 1 ml 80% ethanol followed by repeating centrifugation at 4,300 rpm for 10 min and discarding supernatant. About 300 μl of α-amylase (100 U/ml in 100 mM sodium acetate buffer, pH 5.0) was added to each sample, followed by incubation at 100°C for 6 min with vortexing at 2 min intervals. Ten microliters of amyloglucosidase (3,300 U/ml) was then added to each sample and samples were incubated at 50°C for 30 min. Samples were then made up to 1 ml final volume then centrifuged at 900 g.
Supernatants were then assayed for D-glucose using the glucose oxidase/peroxidase (GOPOD) method. The −24 hr and −15 hr samples were diluted 10-fold in order to get the concentration of D-glucose in the range of detection for the GOPOD assay. 33 μl of supernatant was added to 1 ml of GOPOD solution (made according to kit protocol) in duplicate and tubes were incubated at 50°C for 20 min.
Absorbance was read at 510 nm using a visible spectrophotometer.
Starch content (% w/w) was calculated using the equation for solid samples provided in the megazyme protocol supplied with the kit. 
| Amylase activity assays
| Soluble sugar assay
Soluble sugars were quantified using an Amp-red/glucose oxidase/ horseradish peroxidase method coupled with endogenous invertase activity as previously described (Bender et al., 2012; Ruhlmann et al., 2010) . 
| Nectar metabolomics
Two separate GC-MS-based methods were employed for untargeted metabolite profiling of six nectar samples from independent male and female flowers of C. pepo. The first of these provided data on the predominant sugars that constitute the nectar (i.e., sucrose, glucose, and fructose). Specifically, 1 μl of nectar was spiked with 10 μg ribitol as an internal standard, and the mixture was dried overnight by lyophilization. The sample underwent methoximation at 30°C for 90 min while continuously shaking with 20 mg/ml methoxyamine hydrochloride dissolved in pyridine. The methoximated sample was silylated for 30 min at 60°C with N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA)/1% trimethylchlorosilane (TMCS). Following dilution with 1.5 ml pyridine, 1 μl of sample was analyzed by GC-MS.
Less abundant constituents of the nectar were extracted from a 5-μl aliquot of nectar sample that was spiked with 0.5 μg nonadecanoic acid and 1 μg ribitol as internal standards. Hot methanol (2.5 ml)
was immediately added to the nectar, and the mixture was incubated at 60°C for 10 min. Following sonication for 10 min at 4°C, chloroform (2.5 ml) and water (1.5 ml) were sequentially added, and the mixture was vortexed. Centrifugation separated the polar and nonpolar fractions, and the entire nonpolar fraction and half of the polar fraction was recovered to separate 2 ml screw-cap glass vials and dried overnight by lyophilization. The polar fraction underwent methoximation as previously described, and both polar and nonpolar fraction were silylated for 30 min at 60°C with BSTFA/1% TCMS.
The derivatized metabolites (the sugars, polar, and nonpolar fractions) were analyzed using an Agilent Technologies Model 7890A
GC system equipped with an HP-5 ms (30 m, 0.25 mm, 0.25 μm) GC column that was coupled to an Agilent Technologies 7683B series injector and Agilent Technologies Model 5975C inert XL MSD with
Triple-Axis Detector mass spectrometer. Chromatography parameters for the polar and nonpolar fractions were set to a helium gas flow rate of 1 ml/min, 2 μl injection, with a temperature gradient of 80°C-320°C increasing at a rate of 5°C/min, followed by a 9-min hold at 320°C. The polar fractions were analyzed using a "heart-cut" method (Boeker, Leppert, Mysliwietz, & Lammers, 2013 ) which diverted gas flow to an FID detector during elution times for fructose, glucose, and sucrose.
GC parameters for predominant sugar metabolites were set to a helium gas flow rate of 1 ml/min, 1 μl injection with a 10:1 split, and a temperature gradient of 100°C-180°C increasing at a rate of 15°C/min, then 5°C/min to 305°C, 15°C/min to 320°C, followed by a 5-min hold at 320°C. Deconvolution and integration of resulting spectra was performed with AMDIS (Automated Mass Spectral Deconvolution and Identification System) software. Analyte peaks were identified by comparing mass spectra and retention indices to the NIST14 Mass Spectral Library and authentic standards when possible to confirm identification.
| RE SULTS
| Experimental design
To understand the nexus of genes and processes that are activated in C. pepo nectaries throughout maturation, we decided to take a transcriptomic strategy. This approach was previously used with Arabidopsis nectaries (Kram, Xu, & Carter, 2009 ) and led to the identification of key genes that regulate nectary function and nectar production [e.g., (Bender et al., 2012 (Bender et al., , 2013 Lin et al., 2014; Ruhlmann et al., 2010; Schmitt, Roy, Klinkenberg, Jia, & Carter, 2018; Wiesen et al., 2016) ]. Squash nectaries are considerably larger than Arabidopsis (~1 cm diameter for squash vs. ~100 μm for Arabidopsis) and produce relatively large amounts of nectar (>50 μl for squash vs. ≪1 μl for Arabidopsis, per flower). A transcriptomic understanding of the squash model would thus further the field of nectar biology, as physiological, biochemical, and cellular studies in downstream experiments would be made easier than with other species. We proceeded with an experimental plan where four stages of both pistillate (female) and staminate (male) flowers were selected to study nectary gene expression as affected by maturation (Figure 1 ).
The developmental stages chosen for analyses centered around anthesis, which is when pollen is released by anthers. Nectar production is synchronized with anthesis (Nepi et al., 1996 (Nepi et al., , 2001 and hence this study was centered around the time of anthesis, which aided the uniform timing of tissue collection for subsequent studies. Squash flowers progress from small, closed green buds to open flowers relatively rapidly (within a few days), and we tracked their progress through key visual cues. The "pre-secretory stage 1" occurs 24 hr before anthesis, and was recognized by the fact that buds are still closed but have a yellow coloration at the tips of the fused corolla; this stage is designated as the "−24 hr" time point (Figure 1a ). We noted that 9 hr later the yellow color intensifies and the tip of the corolla is slightly unfurled and we designated this as "pre-secretory stage 2" or the "−15 hr" time point (~12 hr before dawn). Open flowers actively producing nectar (~3 hr after dawn)
were termed "secretory stage" or the "0 hr" time point, and 9 hr later (~12 hr after dawn), when the flowers had closed, was chosen as "post-secretory" or "+9 hr" time point. While nectar was completely absent from the flowers at the −24 and −15 hr time points, copious amounts of nectar were present in the 0 hr and +9 hr flowers.
Replicate RNAs were isolated from the nectaries (e.g., Figure 1b) at each of these time points and subjected to Illumina-based RNA-seq analyses. 
| RNA sequencing and differential expression analyses
| Gene ontology analyses identify a shift from anabolic to catabolic processes
Genes displaying stage-enriched expression (from Figure 2A Interestingly, male nectaries displayed no significant enrichment of genes related to specific GO terms at either the −24 or −15 hr time points, which could be due to the relatively few number of genes being upregulated specifically at either stage as compared to female nectaries ( Figure 2 ). As such, we analyzed genes commonly upregulated at the −24 and −15 hr time points over 0 and +9 hr (i.e., the 569 genes represented in the overlapping region of −24 and −15 hr in Figure 2b , Appendix S8). This analysis identified both starch biosynthetic and catabolic processes as being highly enriched in pre-nectar secretion stages (i.e., −24 and −15 hr time points). Enriched GO terms at the secretory (0 hr) and post-secretory (+9 hr) time points of male flowers were similar to those identified in female nectaries. The GO analysis of combined reads for both male and female nectaries (from Figure 2d) closely mirrored such analyses of the male nectaries (Appendix S9).
| Carbohydrate and nectar secretion-related processes
The role of starch and sugar metabolism is well characterized in nectar production (Nepi et al., 1996 (Nepi et al., , 2001 Ren, Healy, Klyne, et al., 2007) at −15 hr, the notable exception being CpBAM1, which was strongly induced at the 0 hr time point (Figures 3 and 4b) .
Sucrose synthesis coincides with starch degradation in the current model of nectar secretion (Lin et al., 2014; Roy et al., 2017) . Indeed, high at −24 hr, similar to other starch synthesis genes. PGM is involved in producing glucose-1P for both starch (via ADP-glucose) and sucrose synthesis (via UDP-glucose), and is likely important for both of these processes in C. pepo nectaries (Streb & Zeeman, 2012) .
Not represented in the carbohydrate metabolic pathways presented in Figure 4 are genes involved in establishing and maintaining sink status. Raffinose-family oligosaccharides (RFOs) are the primary transport sugars in cucurbits (Zhang, Tolstikov, Turnbull, Hicks, & Fiehn, 2010) , which are hydrolyzed in sink tissues by α-galactosidases, releasing galactose and sucrose for further metabolism (Carmi et al., 2003) . Indeed, two genes encoding putative α-galactosidases, Raffinose Synthase 6 (CpRAFS6), and Seed Imbibition 2 (CpSIP2) are highly expressed in nectaries at −24 and −15 hr (Appendix S1-3), suggesting they are important for maintaining sink status during the starch filling stages.
The last two steps of nectar secretion in the current model are sucrose export via SWEET9 and extracellular hydrolysis by cell wall invertases. For the sucrose export step, CpSWEET9 transcript began low at −24 hr and peaked at the 0 hr time point in both male and female nectaries (Figure 3) . However, the most highly expressed cell wall invertase in squash nectaries, CpCWINV4 (Cell Wall Invertase 4), the apparent ortholog to Arabidopsis AtCWINV4 required for nectar secretion (Ruhlmann et al., 2010) , displayed a unique timing of expression relative to other species. Specifically, its expression peaked at −15 hr (instead of at anthesis like other species), with almost no detectable transcript at either the −24 or 0 hr time points.
Lastly, with regard to regulation of nectar secretion, CpMYB305 is the ortholog of a transcription factor intimately tied to regulating carbohydrate metabolism in Nicotiana and Arabidopsis nectaries (Liu & Thornburg, 2012; Liu et al., 2009; Schmitt et al., 2018; Wang et al., 2014) ; it displayed highest expression at the 0 hr time point in both female and male nectaries (Figure 3 ).
The biological relevance of carbohydrate metabolismrelated gene expression patterns was partially validated by examining starch and soluble sugar accumulation patterns and conducting enzymatic assays ( Figure 5 ). The −24 hr and −15 hr nectary stages displayed intense iodine staining (indicative of starch) and averaged ~10%-15% wt/wt starch on a fresh weight basis (Figure 5a,b) . This starch was largely absent in secretory nectaries (0 hr) and remained low at +9 hr (Figure 5a,b) . Consistent with a degradative mechanism, the observed decrease in starch content coincided both with an induction of total amylase activity ( Figure 5c ) and the higher accumulation of soluble sugars (sucrose and glucose) in the nectaries at the 0 hr time point (Figure 5d ). little later than male flowers and also produce more nectar (Nepi et al., 2001 ). As such, DESeq analysis was used to identify differentially expressed genes between female and male flowers specifically at the 0 hr (secretory) time point (Appendix S11). This analysis identified 134 genes more highly expressed in female over male nectaries at the 0 hr time point. In particular, the top three genes more highly expressed in female nectaries were all transcription factors, including SHI-related sequence 1, heat stress transcription factor A-6b, and UNUSUAL FLORAL ORGANS-like. Conversely, male nectaries at the 0 hr time point expressed 43 genes more highly than their female counterpart.
| Transcriptional differences between female and male nectaries
| Nectar metabolite analyses
Nectars not only contains sugars, but also have many solutes with biologically important roles (Adler & Irwin, 2012; Elliott, Irwin, Adler, & Williams, 2008; Irwin, Adler, & Agrawal, 2004; Nicolson & Thornburg, 2007; Richardson et al., 2015) . Nectar from both female and male flowers were characterized via a nontargeted metabolomic strategy (results shown in Table S2 ). Not surprisingly, sucrose (~2.1M), glucose (~0.3M), and fructose (~0.3M) were the primary metabolites observed in both male and female nectars, with a sucrose-to-hexose ratio of ~4:1 in female nectar and ~3.4:1 in male nectar. Lesser levels of other sugars and sugar alcohols were also observable, including inositol, maltose, galactose, arabinose, erythritol, erythrofuranose, ribose, xylose, xylitol, seduheptalose, and mannose (Table S2) A handful of these metabolites differentially accumulate between male and female nectars ( Figure 6 , Table S2 ), with most preferentially accumulating in the male nectar (~2-4-fold higher levels), including: galactose, ethylene glycol, glyceraldehyde, erythrofuranose, maltose, erythritol, and tyrosol. While not statistically significant, one non-proteinaceous amino acid, gamma-amino butyric acid (GABA), occurs at fivefold higher level in female nectar over male nectar ( Figure S1 ). The transcript of a putative GABA exporter (ortholog of C. melo XM_008448565.1) displayed a parallel increased level of accumulation in female nectaries at the secretory stage (0 hr time point) ( Figure S1 ), which could account for the observed differences in GABA levels between male and female nectar.
| D ISCUSS I ON
This study represents the first report of global gene expression profile of cucurbit nectaries. While Arabidopsis and Nicotiana spp.
have been extensively studied as genetic models for nectar production (Bender et al., 2012 (Bender et al., , 2013 Carter, Graham, & Thornburg, 1999; Carter, Shafir, Yehonatan, Palmer, & Thornburg, 2006; Carter & Thornburg, 2000 , 2004a Carter et al., 2007; Hampton et al., 2010; Horner et al., 2007; Lin et al., 2014; Liu & Thornburg, 2012; Liu et al., 2009; Naqvi et al., 2005; Ren, Healy, Klyne, et al., 2007; Roy et al., 2017; Ruhlmann et al., 2010; Stitz, Hartl, Baldwin, & Gaquerel, 2014; Thomas, Hampton, Dorn, Marks, & Carter, 2017; Thornburg et al., 2003; Wiesen et al., 2016) , an expansion of molecular biology approaches into other systems with larger nectaries (Figure 1 ) that produce copious amounts of nectar will aid our understanding of nectary biology, particularly with regard to quantitative biochemical, physiological, and comparative studies. Our study has revealed a plethora of squash genes and metabolic processes that are temporally regulated as the nectary progresses from pre-secretion to secretion to post-secretion stages of development.
Squash nectary RNAseq reads mapped to 8,863 unique C. pepo and C. melo genes, which is consistent with the number of genes identified as being expressed in Arabidopsis nectaries (9,066) and pennycress (12,335) nectaries Thomas et al., 2017) . Many genes displayed preferential expression at one or more have been a few studies on carbon partitioning and resource allocation in developing cucurbit fruits (Schapendonk & Brouwer, 1984) , however, little is known about the regulation of sink-source relations in C. pepo nectaries. Cucurbits, such as squash and cucumber, transport photosynthate in the form of raffinose-family oligosaccharides (RFOs) loaded and unloaded into the phloem predominantly via a symplastic route. In our study, we identified two very highly expressed α-galactosidases (CpRAFS6 and CpSIP2) that are likely involved in establishing and maintaining sink status in nectaries.
While the expression profiles for each of the genes and steps for nectar secretion in this study are largely consistent with what has been observed in other species [reviewed in (Roy et al., 2017) ], a no- (Bender et al., 2013; Lin et al., 2014; Ruhlmann et al., 2010; Thomas et al., 2017) ; however, in squash, CpCWINV4 is expressed in low quantities (maximum of ~30,000 reads) in nectaries relative to CpSWEET9 (~400,000 reads) (Figure 7a ). In contrast to Arabidopsis, C. pepo flowers produce nectar rich in sucrose (Nepi et al., 2001) , which necessitates a reduction in extracellular sucrose hydrolysis after sucrose export from the cell. Thus, CpCWINV4 probably does not play the same role in squash as AtCWINV4 does in Arabidopsis (i.e., in generating a concentration gradient to drive sugar export); however, since squash nectar contains ~20% hexoses, its activity likely is important in dictating final nectar quality. It should also be noted that in sunflower a reduction in nectary CWINV expression led to an increase in nectar sucrose (Prasifka et al., 2018) .
Cumulatively, it appears that modulation of cell wall invertase expression or activity represents a key step in regulating final nectar F I G U R E 7 Representative genes and processes putatively involved in carbon flux in squash nectaries. (a) Expression of genes in male and female nectaries involved in each of the proposed steps of nectar synthesis and secretion as outlined in panel b; SBE = starch branching enzyme; BAM1 = beta-amylase; SPS = sucrose-phosphate synthase; SWEET9 = sucrose transporter; CWINV4 = cell wall invertase (c) Approximate timing of processes involved in nectar production based on data from this study and previously published reports quality across species. If indeed sucrose transport across the plasma membrane is fully concentration-dependent (passive transport via SWEET9), and the final nectar sucrose concentration is >2 M in squash (Table S2) , then cytosolic sucrose in the nectary parenchyma must reach at least the concentration present in the nectar. This secretory process would present a tremendous osmotic stress to the nectary tissue, which may be why senescence-related transcripts are upregulated in post-secretory (+9 hr) nectaries (Appendix S7-9).
A model of the approximate timing for the transition from starch synthesis to starch degradation to sucrose synthesis and export are shown in Figure 7c ; since post-secretory hydrolysis likely plays a limited role in the secretory process, CpCWINV4 activity is denoted with a light dashed line.
As previously noted, nectars are much more complex than simple sugar-water, containing many classes of biologically relevant solutes that influence not only pollinator visitation, but also impact microbial growth (Nicolson & Thornburg, 2007; Roy et al., 2017) . In this study, we reliably identified over 40 metabolites in both male and female nectar, which is similar to an analysis of C. maxima (pumpkin) nectar (Chatt et al., 2018) . While male nectar preferentially accumulates certain metabolites as compared to female nectar (Figure 6 ), the causes or consequences of these differences are not clear. However, there were some notable findings within the metabolite analysis, including the fact that female nectar contained ~5-fold more GABA than male nectar, which was correlated to the expression of a putative GABA transporter ( Figure S1 ). GABA is a neurotransmitter previously reported to accumulate in squash nectar (Nepi et al., 2012) , but its role in plant-pollinator interactions is currently unclear. Along these lines, we identified another previously unreported neurotransmitter, gamma-hydroxybutyric acid, in both male and female nectars, the role of which in nectar is also unknown. Of notable interest will be to determine factors that lead to differential transcription between female and male nectaries that may lead to differences in nectar quality. In our study MYB305, a key transcription factor in eudicot floral nectary function (Liu & Thornburg, 2012; Liu et al., 2009; Schmitt et al., 2018; Wang et al., 2014) , displayed little difference in expression between squash male and female nectaries; however, three transcription factors-SHI-related sequence 1, heat stress transcription factor A-6b, and UNUSUAL FLORAL ORGANSlike-displayed preferential expression female over male nectaries.
Interestingly, SHI-related sequence 1 is a member of the STYLISH gene family, which control nectary development in Aquilegia (Min, Bunn, & Kramer, 2018) .
To summarize, our analyses have revealed a distinct profile of starch biosynthetic and degradative pathways as the nectaries progress through maturation. Our expression data reveal a similar increase in sucrose synthesis in nectaries at anthesis, as well as a number of Arabidopsis gene homologs known to impact nectary function. We provide a physiological basis behind our gene expression data with starch, amylase, and soluble sugar assays showing degradation of starch correlated with increased amylase activity and accumulation of soluble sugar. Cumulatively, our data supports the existing model of nectar secretion in the eudicots (Lin et al., 2014; Roy et al., 2017) . Lastly, we have identified novel nectar metabolites that should be evaluated for their roles in plant-biotic interactions. This study represents an important step toward improving our understanding of nectar production and secretion in the cucurbits.
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